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The primary cause of poor outcome following allogeneic hemato-
poietic cell transplantation (HCT) for chronic lymphocytic leukemia
(CLL) is disease recurrence. Detection of increasing minimal residual
disease (MRD) following HCT may permit early intervention to
prevent clinical relapse; however, MRD quantification remains an
uncommondiagnostic test because of logistical andfinancial barriers
to widespread use. Here we describe a method for quantifying CLL
MRD using widely available consensus primers for amplification of
all Ig heavy chain (IGH) genes in a mixture of peripheral blood
mononuclear cells, followed by high-throughput sequencing (HTS)
for disease-specific IGH sequence quantification. To achieve accurate
MRD quantification, we developed a systematic bioinformatic
methodology to aggregate cancer clone sequence variants arising
from systematic and random artifacts occurring during IGH-HTS. We
then compared the sensitivity of IGH-HTS, flow cytometry, and
allele-specific oligonucleotide PCR for MRD quantification in 28
samples collected from 6 CLL patients following allogeneic HCT.
Using amplimer libraries generated with consensus primers from
patient blood samples, we demonstrate the sensitivity of IGH-HTS
with 454 pyrosequencing to be 10−5, with a high correlation be-
tween quantification by allele-specific oligonucleotide PCR and
IGH-HTS (r = 0.85). From the same dataset used to quantify MRD,
IGH-HTSalso allowedus toprofile IGH repertoire reconstitution after
HCT—informationnot providedby theotherMRDmethods. IGH-HTS
using consensus primers will broaden the availability of MRD quan-
tification in CLL and other B cell malignancies, and this approach has
potential for quantitative evaluation of immune diversification fol-
lowing transplant and nontransplant therapies.

next-generation sequencing | consensus-primed polymerase chain
reaction | immune reconstitution

Chronic lymphocytic leukemia (CLL) is the most common
adult leukemia in the United States, with ∼15,500 new cases

and 4,400 deaths per year (1). Despite improvements in treat-
ment responses using multiagent therapy, CLL remains incur-
able with available immunochemotherapy regimens (2). Patients
with relapsed CLL and those with high-risk features at pre-
sentation, such as 17p deletions or unmutated Ig heavy chain
(IGH) regions, are generally referred for allogeneic hemato-
poietic cell transplantation (allo-HCT) (3, 4). Fifty percent of
CLL patients undergoing allo-HCT experience long-term dis-
ease-free survival (DFS) and may be cured. Nevertheless, 50% of
patients will experience disease recurrence (5, 6). Quantification
of CLL MRD has prognostic value because achievement of
MRD negativity 1 y after HCT is associated with long-term DFS
(6–13). Furthermore, strategies for treating post-HCT relapse,
including additional chemotherapy, donor lymphocyte infusions,
and cell vaccines, may be more effective when CLL progression
is detected with low tumor burden.

Validated methods for MRD assessment include allele-spe-
cific oligonucleotide PCR (ASO-PCR) and flow cytometry (FC).
ASO-PCR affords high sensitivity but is laborious, time-intensive,
and not widely available because of its dependence on the de-
velopment and validation of patient-specific primers and probes
for quantitative PCR. FC is widely available but is expensive and
has lower sensitivity. High-throughput sequencing (HTS) of the
IGH VDJ segment provides CLL clonotype quantification with
“off-the-shelf” consensus primers that require no per-patient
customization (14), thus combining the benefits of high sensitivity
and universal applicability. Boyd et al. (15) evaluated this meth-
odology in proof-of-concept experiments for detection ofMRD in
a variety of B cell malignancies. Here, we compare the perfor-
mance characteristics of IGH-HTS, ASO-PCR, and FC for
tracking disease burden in a group of CLL patients following
HCT. We also demonstrate that the sequence data acquired
through MRD quantification using this approach provide valu-
able information about the tempo of posttransplant immune re-
constitution by profiling IGH repertoire diversification.

Results
The six patients evaluated in this study were treated with reduced
intensity conditioning allo-HCT for high-risk CLL (Table S1).
All patients had unmutated IGH loci. Two patients achieved
complete disease remission before HCT, and all experienced
complete clinical remission following HCT. Transplant charac-
teristics and outcomes are summarized in Table S2. Twenty-eight
cryopreserved peripheral blood mononuclear cells (PBMCs)
acquired from these patients underwent MRD quantification
using FC, ASO-PCR, and IGH-HTS.

Enumeration of CLL Clonotypes by IGH-HTS Requires Error Handling.
We limited our sequence analysis to the first 200 nt of sequence
reads because of the uniformly high sequence quality scores up
to this position using either BIOMED-2 framework 1 (FR1) or
framework 2 (FR2) primer sets (Fig. S1). It is known that even in
areas of high sequence quality, 454 pyrosequencing is prone to
specific errors, particularly insertions or deletions (indels) near
homopolymeric sequences (16). To maximize the sensitivity of
CLL MRD detection using IGH-HTS, we developed a process-
ing algorithm that accounted for common homopolymeric indels
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and computationally aggregated these variant representations of
the CLL clonotype into the MRD quantification (Fig. S2).
During computational alignment of sequences with consensus

germ-line IGH V and J segments, we rescued clonotypes with
errors at homopolymeric sites of three or more nucleotides by
recognizing alignment with the dominant CLL clonotype after
shifting of the sequences upstream or downstream. Random sin-
gle-nucleotide indels were next corrected by alignment to the
dominant CLL clonotype.We also found it necessary to aggregate
reads with up to one nucleotide substitution from the dominant
CLL clonotype, because these are more likely to arise from PCR
or sequencing artifacts than they are to be bona fide biologically
derived clonotypes. This methodology strikes a balance between
accepting the sequence of real subclonal populations as part of the
CLL clone and providing room to count subclones that arose from
PCR and/or sequencing error, but that originally derived from
a true CLL clonotype. All corrections from raw reads to the final
MRD count were processed in silico with minimal need for user
supervision at the individual sequence level (Fig. S2).
Overall, identical CLL clonotypes (i.e., those without se-

quencing errors) accounted for a median 74% of the final MRD
quantifications; the contributions of each type of error correction
to the final count are shown in Fig. 1A (and reported in Table
S3). The median contribution of reads corrected for homopoly-
meric indels to the final MRD total was 6.1% (range 0–100%).
Random single-nucleotide indels contributed a median of 7.5%

(range 0–56%), and sequencing reads with single-nucleotide
substitutions or gaps comprised a median of 8.3% (range 4.8–
49%) of the final MRD quantification. In sum, the median
contribution of corrected clonotypes to the final MRD count was
25.2% (range 0–100%) of the total. The number of unique reads
requiring aggregation into the final MRD count ranged from 0 to
217 for homopolymeric indels, from 0 to 247 for single-nucleo-
tide indels, and from 0 to 233 for single-nucleotide substitutions
(Fig. 1B). There was a strong correlation between the abundance
of disease and the number of unique reads requiring correction
for homopolymeric indels (r = 0.92), random single-nucleotide
indels (r = 0.98), and single-nucleotide substitutions (r = 0.88),
consistent with expectation from nonbiased errors (Fig. 1 C–E).

HTS Reveals Oligoclonal IGH Sequences in CLL. Campbell et al. (17)
demonstrated IGH oligoclonality in somatically mutated CLL
populations when evaluated by deep sequencing. In our somati-
cally unmutated CLL dataset, after we aggregated clonotypes
containing differences consistent with pyrosequencing errors, we
also observed a generally small number of clonotypes closely re-
sembling the dominant CLL clone that covaried with the domi-
nant clone over multiple time points. In some patients, these
apparent subclones of the dominant CLL clone were prevalent in
larger concentrations than could be attributed to PCR or se-
quencing error. To consider a subclone with two or more nucle-
otide substitutions legitimate, we required clonotype frequency of

Fig. 1. 454 pyrosequencing MRD quantification and artifact characteristics. (A) The final MRD count for each patient sample with the composition of
identical reads, homopolymeric indels, random single-nucleotide indels, and single-nucleotide substitutions is shown. (B) The number of unique reads with
each error type is indicated for each patient sample. (C–E) The correlation between IGH-HTS MRD quantification and the number of unique reads requiring
correction for homopolymeric indels (C), random single-nucleotide indels (D), and single-nucleotide substitutions or gaps (E) are demonstrated.
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two or more per sample and that the clonotype be seen in at least
two time points (we call these “2 × 2 × 2 subclones”). Three
patients had no identifiable CLL subclones. The other patients, all
of whom had persistent molecular disease, had one or more le-
gitimate subclones. We analyzed two patients with more than one
subclone for phylogenetic relatedness to the dominant CLL clone
(Fig. 2).
We identified eight subclones in a patient [Stanford patient

number (SPN) 3975] with high-level persistent disease following
allo-HCT. Alignments of subclone sequences in Fig. S3 demon-
strate that few of the nucleotide variations occurred in the CDR3
region. Furthermore, when we evaluated where the ASO-PCR
primers and probes for each patient annealed, we observed that
none of the subclone mutations would interfere with the quanti-
tative PCR, suggesting that these subclones were likely included in
the ASO-PCR disease quantification. In our unmutated CLL
dataset, the total prevalence of 2 × 2 × 2 subclones was uniformly
<0.5% of each final CLL MRD count. We have elected not to
aggregate these rare subclones into our CLL quantification, but
future studies may need to consider subclone contributions, par-
ticularly if somatically mutated CLL is evaluated.

454 Pyrosequencing MRD Sensitivity Is 1:100,000. An advantage of
454 pyrosequencing over other sequence-by-synthesis methods
is the ability to produce long sequence reads. BIOMED-2 FR1
and FR2 consensus primer sets (14) in conjunction with

a consensus J primer give rise to amplimers of ∼340 and 270 nt in
length, respectively. To first determine whether amplimer length
affected sensitivity, we sequenced FR1-J and FR2-J amplification
products from a normal donor with 150,000 reads each and
found highly concordant IGH repertoire overlap and clonotype
quantification (r = 0.92) (Fig. S4). We verified 1:100,000 (i.e.,
10−5) clonotype-specific sensitivity using both primer sets by
creating a serial dilution of FACS-sorted CLL into PBMC from
the normal healthy donor of that same patient and amplifying
the dilutions independently in two laboratories using FR1-J and
FR2-J primer sets (Fig. 3A). We spiked purified CLL in log-se-
ries dilutions (10−3 to 10−5) into healthy donor PBMC with 14%
B cell content. At the 10−5 dilution, we surveyed 450,000 PBMC
genomes containing 63,000 B cell genomes with 150,000 dedi-
cated IGH reads. This degree of oversequencing of the IGH
genes in the mixture was estimated to yield a theoretical de-
tection sensitivity of 10−5 with >99.9% certainty (Poisson prob-
ability). With FR1 consensus primers, we achieved 186,088 reads
of productive IGH alleles and detected the CLL clone 6 out of
12 expected times, which is consistent with 2 × 10−5 sensitivity
with a likelihood of failing to detect the CLL clone of 0.2%. With
FR2 consensus primers, we achieved 98,877 reads and detected
the CLL clone 5 out of 6 expected times, which is consistent with
10−5 sensitivity with a likelihood of failing to detect the CLL
clone of 0.7%.

IGH-HTS MRD Sensitivity Compared with ASO-PCR and FC.All patient
samples in our series underwent MRD assessment by ASO-PCR
and FC in addition to IGH-HTS. The concurrent measurements
permitted us to directly compare the relative sensitivities of these
different methodologies. The sensitivity of IGH-HTS is limited
primarily by the number of sequence reads allocated to a given
sample. We opted for 1:10,000 (10−4) sensitivity for most sam-
ples—the International Working Group on CLL consensus
standard for CLL MRD assessment (2)—by allocating 15,000
reads to each sample. Samples with high disease burdens (i.e.,

Fig. 2. Phylogenetic analysis of CLL subclones. Neighbor-joining phyloge-
netic trees are depicted for patients SPN3975 (A) and SPN3860 (B). The
number of nucleotide differences are represented by horizontal proximity to
the dominant CLL clone (Dc). We required subclones (Sc) contributing to
these phylogenetic trees to be seen at least twice in two or more time points.
The specific time points in which each clonotype was observed is indicated at
each node.

Fig. 3. Sensitivity of CLL MRD detection by 454 pyrosequencing determined
by limiting dilution. (A) Consensus primer groups in the FR1 or FR2 regions of
VH were used in conjunction with a consensus JH primer to create IGH
amplicon libraries by multiplexed PCR, which were then sequenced by syn-
thesis using a 454 pyrosequencer. (B and C) CLL cells purified by FACS were
diluted into PBMC from a healthy donor leukapheresis sample to a level of
1:1,000 (10−3), 1:10,000 (10−4), and 1:100,000 (10−5). Clonotypic IGH quanti-
fications at each dilution are demonstrated for FR1 (B) and FR2 (C) primer
sets with reference values for expected quantifications at ≥95% Poisson
probability.
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>15,000 disease copies per microgram of genomic DNA) and
clinically detectable CLL did not require quantification at the
molecular level. Meaningful comparisons of sensitivity with the
different methodologies are thus best made at lower disease
burdens. When we restricted comparisons to samples with
<15,000 disease copies by HTS (equivalent to <10% disease
content in PBMC), we determined the correlation coefficient
between HTS and ASO-PCR to be 0.85, whereas the correlation
between HTS and FC was 0.49 (Fig. 4 A and B). For the pur-
poses of this comparison, FC results were transformed into
a genome equivalent scale as described in SI Materials
and Methods.

CLL Clonotypes in the Context of the IGH Repertoire. The datasets
acquired with IGH-HTS represent samples of the donor IGH
repertoire reconstituting after allo-HCT. Although our primary
goal was to analyze IGH-HTS data to quantifyMRD, we also note
that this rich dataset can provide unique and timely insight into
reconstitution kinetics and breadth in the IGH repertoire. Fig. 5
presents the V-J combinatorial diversity at diagnosis and at +56,
+180, +365, and +550 d after allo-HCT in patient SPN4077. At
diagnosis, the patient’s IGH repertoire was dominated to near
exclusivity by the CLL clonotype. The CLL clonotype was de-
tectable at day +56 and then became undetectable. At days +56
and +180, the repertoire remained narrow, with only 21 and 12
unique CDR3 clonotypes with frequency of 2 or more detected,
respectively. At days +365 and +550, the repertoire had recon-
stituted, with 232 and 3,122 unique legitimate CDR3 clonotypes,
respectively, the latter of which was similar in number to that of
the patient’s healthy donor (1,464 unique clonotypes at the same
sequencing depth). Patient SPN3751 exhibited a pattern similar to
this patient, with 113, 26, 20, and 2,636 unique CDR3 clonotypes
at days +56, +180, +365, and +550. The other four patients
continued to have long-term domination of their IGH repertoire
by the CLL clone (Fig. S5). In some cases, two coexisting domi-
nant clonotypes were detected, representing a CLL clone with
both IGH loci rearranged. The codominant allele was non-
productively rearranged in each case.

Somatic Hypermutation of the IGH Repertoire Following Allo-HCT.
Given the long contiguous reads achieved with 454 pyrose-
quencing, it is possible to analyze each clonotype in comparison
with the published consensus germ-line sequence for each V, D,
and J to enumerate the degree of somatic hypermutation. Somatic
hypermutation is a secondary mechanism of Ig diversification that
occurs during affinity maturation after antigen encounter. Among
our patients, four received post-HCT Rituximab at days +56,
+63, +72, and +79 in a clinical trial assessing Rituximab (anti-
CD20) for graft-versus-host disease (GVHD) prophylaxis. By

eliminating the vast majority of mature B lymphocytes, it was
expected that post-HCT Rituximab would delay repertoire re-
constitution. Accordingly, we observed a significant deficiency of
somatically mutated VDJ recombinants at day +365 following
HCT in the patients who received Rituximab (7.9 ± 1.9%) com-
pared with those not receiving peritransplant anti-B-cell therapy
(17.8 ± 2.1%) (P = 0.03; unpaired two-tailed t test; Fig. S6).

Discussion
The utility of MRD assessment in CLL has been studied in
several clinical contexts, but most reports have focused on MRD
following hematopoietic cell transplantation because only allo-
HCT achieves long-term remissions in high-risk CLL. PCR
quantification of clonal IGH sequences was developed >20 y ago
(18), and after demonstration that this technique has single cell
sensitivity (19, 20), ASO-PCR was developed for MRD quanti-
fication (9, 21). Although it was predicted 2 decades ago that
PCR quantification of MRD would become a routine practice
(22), ASO-PCR remains restricted to research use, likely be-
cause of the financial and logistical barriers to routine de-
velopment of these patient-specific assays. Van Dongen et al.
(14) in the BIOMED-2 consortium developed groups of con-
sensus primers for performing multiplexed PCR to recover all
IGH gene sequences in a polyclonal mixture. These reagents can
now be coupled with next-generation HTS to achieve universal
MRD quantification without need for patient-specific reagents in
any patient with CLL or other IGH clonal B cell malignancy.
One potential pitfall of all HTS platforms is their susceptibility

to generating stereotypical and random artifacts introduced during
the sequence-by-synthesis reaction (16, 23). 454 pyrosequencing
is particularly prone to homopolymeric insertions and deletions.
Although sequence reads with such errors can be discarded when
IGH-HTS is used strictly for IGH repertoire analysis, a robust
methodology that compensates for these errors is essential for
accurate MRD quantification. We have developed a data pro-
cessing pipeline that addresses systematic and random insertions,
deletions, and substitutions introduced by the sequencing tech-
nology, thus permitting highly sensitive CLL MRD quantification
with a high degree of correlation to ASO-PCR results.
ASO-PCR was first demonstrated to have predictive value by

Provan et al. (7), who demonstrated that persistence of molec-
ular disease was associated with increased probability of CLL
relapse following autologous and allo-HCT. Molecular MRD
assessment using ASO-PCR has since been evaluated by several
clinical trials [reviewed by Dreger et al. (24)], the best of which is
work by the German CLL Study Group (25, 26), which recently
demonstrated that MRD negativity (10−4 or less) at 1 y following
allo-HCT strongly correlated with decreased risk of relapse (HR
0.037; P < 0.00001). Four of 32 patients (13%) experienced
conversion to MRD positivity subsequent to having undetectable
MRD at 12 mo, however, which suggests that the predictive
value of molecular MRD assessment could be improved with
more sensitive techniques.
Although we demonstrate here that MRD sensitivity using 454

pyrosequencing IGH-HTS can approach 1:100,000 (10−5) and can
be pushed to 1:1,000,000 (10−6) sensitivity by using other deep
sequencing platforms with higher bandwidth, we do not propose
that the major advantage of our technique is improved sensitivity.
Rather, the wide applicability of this approach using consensus
primers without the need for any patient customization is a sig-
nificant development and will increase the availability of MRD
quantification in patients with CLL and other B cell malignancies
undergoing allo-HCT. Pretransplant CLL patients undergoing
treatment with novel agents could also be assessed with IGH-HTS
MRD quantification to determine not only the depth of remission
on therapy, but also the impact that novel therapies could have
on the remainder of the B cell compartment—information that
cannot be determined fromFC or ASO-PCRdisease quantification.
Although the majority of patients undergoing allo-HCT for

CLL have somatically unmutated IGH clonotypes associated
with their disease, the broader applicability of IGH-HTS as an

Fig. 4. Correlation of CLL MRD quantification by IGH-HTS, ASO-PCR, and FC.
CLL MRD quantification for samples with 15,000 or fewer CLL copies per
microgram of DNA using 454 IGH-HTS are graphed with paired analyses
using ASO-PCR (A) and FC (B). The Pearson r correlation coefficient between
the methods was 0.85 for 454 IGH-HTS vs. ASO-PCR and 0.49 for 454 IGH-HTS
vs. FC. For this comparison, FC data were converted as described in SI
Materials and Methods.
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MRD assay in various clinical contexts will require methods for
overcoming amplification failures owing to somatic mutations
at the sites of consensus primer binding. Campbell et al. (17)
successfully amplified and sequenced clonotypes from somatically
mutated CLL—and in so doing, they identified greater subclonal
heterogeneity than we identified in somatically unmutated CLL.
We also identified somatic mutations in 15–20% of IGH clono-
types productively sequenced at 1 y or more following allo-HCT.
Together, these data are encouraging for the application of this
approach to somatically mutated CLL as well as other B lymphoid
malignancies with somatically mutated IGH loci. If the technique
should fail with one consensus primer set (e.g., FR1), it may be
possible in many cases to salvage disease clonotype identification
by using another established primer set (e.g., FR2).
In addition to highly sensitive and specific disease burden

quantification, high-throughput IGH sequencing offers insight
into the clonality of CLL and the IGH repertoire following allo-
HCT. By using the same platform we used in this work, oligo-
clonality in two patients with somatically mutated CLL was
demonstrated by Campbell et al. (17). All patients we evaluated
here had unmutated CLL, and although we did find a small
number of probable subclones with two or more nucleotide
variants, these variants appear to be an extremely rare compo-
nent of somatically unmutated CLL clades (groups of related
clonotypes). Further application of HTS methodologies is
needed to facilitate clarification of CLL clonality in larger patient
series and will permit assessment for idiotype (Id) escape mutants
following HCT or anti-Id vaccinations or immunotherapy.
The rich datasets acquired through IGH-HTS also provide the

possibility of novel quantitative assessment of posttransplant im-
mune reconstitution, which remains a critical outcome with diffi-
cult-to-quantify measures of success. We demonstrate the utility of
analyzing IGH-HTS data to depict the kinetics of repertoire re-
constitution. We found that our allo-HCT recipients generally had
narrow (i.e., small number of unique clonotypes) and shallow (i.e.,

small number of total IGH reads per microgram of PBMC DNA)
IGH repertoire reconstitution until 1–1.5 y following transplant.
Our finding is consistent with total CD19+ B cell reconstitution
observed in allograft patients receiving posttransplant Rituximab
for chronic GVHD (27, 28). We also found that our patients who
received posttransplant Rituximab for GVHD prophylaxis had
a significantly diminished degree of somatic mutation across the
IGH repertoire at 1 y following HCT compared with those who
received no additional anti-B-cell therapy. Similarly, we suggest
that this quantitative assessment of immune repertoire diversity
may be a useful outcome to follow in allo-HCT clinical trials to
determine whether repertoire reconstitution correlates with im-
portant clinical outcomes such as progression-free survival, overall
survival, and the incidence of GVHD and infections.
The use of IGH-HTS to quantify MRD in IGH clonal malig-

nancies promises to have a significant role in patient management,
due simply to the fact that this technique will dramatically
broaden the scope of patients eligible for routine MRD moni-
toring. Because relapse following allo-HCT for CLL remains
common, there is a developing consensus in favor of acting upon
progressive molecular disease in CLL (26, 29–32). Although this
treatment approach has been a goal of the CLL management
community for a decade or more, it has been difficult to realize
because of the barriers to practical application that personalized
assays require. HTS using consensus primers overcomes these
barriers and permits widespread use of molecular MRD assess-
ment for the management of CLL and other diseases with clonally
rearranged immunoreceptor genes. The added benefit that IGH-
HTS provides by simultaneously permitting clonality assessment,
Ig repertoire profiling, and potential quantification and tracking
of adoptively transferred B cells are areas for significant dis-
covery regarding the biology of B cell malignancies and allo-
HCT therapy.
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Fig. 5. IGH-HTS reveals kinetics of IGH repertoire reconstitution following allo-HCT for CLL. All V-J recombinations detected in peripheral blood from patient
SPN4077 at diagnosis and days +56, +180, +365, and +550 following allo-HCT are demonstrated. The x axis at the bottom of each section represents IGH V
segments 1–49, which combined with IGH J segments 1–6 as defined along the x axis at the top of each section. The y axis represents the number of total reads
for that recombination pair. The CLL clonotype is demarcated by an asterisk. The repertoire of this patient’s donor is demonstrated for comparison.
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Materials and Methods
Patients. To compare IGH-HTS, ASO-PCR, and FC at a range of disease burdens,
we selected samples from six patients with CLL who underwent non-
myeloablative HCT at Stanford University. All patients underwent condi-
tioning with total lymphoid irradiation and anti-thymocyte globulin (TLI/
ATG) as described (33, 34). All patient and donor samples were obtained with
explicit authorization and monitoring by the Stanford University School of
Medicine Institutional Review Board.

CLL Cell Isolation, FC, and DNA Isolation. Peripheral blood samples were ac-
quired from patients at indicated time points following HCT, cryopreserved,
and analyzed for the CLL immunophenotype by using standard procedures (SI
Materials and Methods). DNA was harvested after washing with buffered
saline (pH 7.4), cellular disruption in lysis buffer (50mM Tris·HCl, 50 mM EDTA,
and 1% SDS; pH 7.4) containing proteinase K, followed by phenol extraction,
ethanol precipitation, and resuspension in Tris·EDTA buffer (pH 7.4).

ASO-PCR and High-Throughput VDJ Sequencing. Quantitative real-time PCR
was performed by using patient ASO primers as described (SI Materials and
Methods; ref. 35). For IGH-HTS, BIOMED-2 FR1 or FR2 consensus primers
were used in conjunction with a consensus J segment primer to amplify the
IGH locus (Fig. 3A) (14). The 28 patient samples sequenced for this study
arose from amplification with FR1-J primer sets after we demonstrated
highly concordant repertoire coverage using FR1-J and FR2-J primer sets (Fig,
S4). PCR was performed with AmpliTaq Gold DNA polymerase with 250 ng of

genomic DNA template per reaction and 35 cycles of amplification. A suf-
ficient number of replicate reactions were performed to cover the degree of
sensitivity indicated for each experiment. Consensus J segment primers
containing sextamer, septamer, or decamer oligonucleotide barcodes for
disambiguation of multipatient data were used to prime the sequence-by-
synthesis reaction on the 454 Life Sciences GS20 platform by using Titanium
chemistry (454 Life Sciences, Roche) (36).

Data Analysis. Sequence reads were mapped to germ-line V and J reference
sequences downloaded from the IMGT Web site (www.imgt.org) (37). For
MRD quantification, reads with identical V and J segment use and with <20-
nt differences from the dominant CLL clone, previously determined for every
CLL patient from a traditional Sanger sequencing read performed for CLL
prognostication, were retained for further analysis using an algorithm for
correcting artifactual sequencing errors (SI Materials and Methods).
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